In this work, morphological, thermal, viscoelastic and dielectric properties of triblock copolymers consisting of styrene (S) and isoprene (I) blocks are discussed. SIS and ISI triblock copolymers were synthesized by sequential anionic polymerization, three of them exhibiting molecular weights below the entanglement molecular weight M e , three of them exhibiting molecular weights in the order of M e and two of them exhibiting molecular weights above M e . The objective of this work is the investigation of the influence of molecular weight and block sequence on relaxation of the block copolymer chains. Morphological investigations using small angle X-ray scattering and transmission electron microscopy studies reveal that a larger molecular weight is associated with a more pronounced microphase separation. The presence of two glass transition temperatures reveals microphase separation of the PI and PS blocks. The Fox-Flory equation was applied in order to describe the molecular weight dependence of the glass transition temperature of the polyisoprene and the polystyrene blocks. The analysis of rheological data reveals a Maxwell fluid behaviour for the weakly segregated block copolymers, whereas for the strongly segregated block copolymers a pronounced elastic behaviour at low frequencies of small amplitude shear oscillations was observed.
investigation of the influence of molecular weight and block sequence on relaxation of the block copolymer chains. Morphological investigations using small angle X-ray scattering and transmission electron microscopy studies reveal that a larger molecular weight is associated with a more pronounced microphase separation. The presence of two glass transition temperatures reveals microphase separation of the PI and PS blocks. The Fox-Flory equation was applied in order to describe the molecular weight dependence of the glass transition temperature of the polyisoprene and the polystyrene blocks. The analysis of rheological data reveals a Maxwell fluid behaviour for the weakly segregated block copolymers, whereas for the strongly segregated block copolymers a pronounced elastic behaviour at low frequencies of small amplitude shear oscillations was observed.
In the intermediate regime of molecular weight, a complex viscoelastic behaviour appears. The plateau modulus G N o is influenced by the sequence of the PS and the PI blocks (SIS or ISI). Our analysis of segmental and normal mode relaxation in dielectric spectroscopy experiments show that the relaxation processes are strongly influenced by the block sequence (PI blocks tethered at one or
Introduction
Block copolymers are materials known since many decades. A huge variety of block copolymers exists due to many possible combinations of different blocks, accessible by an increasing number of different synthetic methods [1] [2] [3] [4] . They exhibit particular properties which are caused by the combination of different blocks most often leading to self-assembled periodic microphase separated structures. The application of block copolymers in modern material science varies from blends [5] [6] [7] [8] [9] [10] [11] [12] , nanopatterning [13] [14] [15] [16] [17] [18] to membranes [19] [20] [21] [22] [23] [24] [25] [26] [27] .
Commercially well-known block copolymers are AB multiblock copolymers of hard and soft blocks, where the hard blocks are often a polyamide or a polyester, and the soft blocks are a polyether like poly(ethylene glycol) [26, 27] . The simplest multiblock copolymers are linear triblock copolymers.
This type of polymers consists of three blocks which can differ from each other (ABC) [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] or can have two similar blocks (ABA) [37] [38] [39] [40] [41] [42] [43] . Numerous studies on synthesis of triblock copolymers via anionic as well as controlled radical polymerization have been published. In the review of Matsuo et al. [44] the recent advances in synthesis of ABC and ABA triblock copolymers via anionic polymerization are presented. Davis et al. [45] give details on the synthesis of ABC triblock copolymers via atom transfer radical polymerization, while Agudelo et al. [46] describe the synthesis of ABA triblock copolymers via controlled atom transfer radical polymerization. The presence of the third block changes the properties enabling further applications, e.g., the use of thermoplastic elastomers such as polystyrene-b-polybutadiene-b-polystyrene and polystyrene-b-polyisoprene-b-polystyrene triblock copolymers as additive in oils and asphalt, in automotive industry, as adhesives, or in medical applications, etc. [47] .
Matsen presented a theoretical approach on the microphase separation of symmetric and asymmetric ABA triblock copolymers, indicating that the symmetry of the relative composition of the two outer blocks and the total composition play a very important role on the morphology [48, 49] . Alig et al.
[50] described the rheological and dielectric properties of a similar triblock copolymer. In their study, lamellar SIS triblock copolymers were synthesized via sequential anionic polymerization. The analysis of their dielectric experiments indicates that the normal mode relaxation of the PI block is associated with the junction point fluctuations. Using the dielectric data, Alig et al. also estimated the interfacial thickness of the lamellar microstructure. Furthermore, low molecular weight SIS triblock copolymers and the SI diblock copolymer precursor were examined by Watanabe et al. [51, 52] using dielectric spectroscopy and small amplitude shear oscillations. The synthesis was carried out via anionic polymerization of the styrene and the isoprene monomers in order to synthesize in a first step a PS-b-PI diblock copolymer precursor. Then the triblock copolymer was obtained by coupling reaction of the living diblock copolymer precursor with p-xylene dichloride. The effect of loop and bridge formation of the middle block on the relaxation of the polymer was thoroughly examined.
Polystyrene-b-polyisoprene star block copolymers were studied by Floudas et al. [53] . The authors concluded that the macromolecular architecture influences the chain dynamics through the localization of the star center (junction point of the diblock copolymer arms). Investigations on the alignment of lamellar forming SI block copolymers with a heptablock architecture (SISISIS) was also performed [54] and the role of chain confirmation (bridge to loop transition) was elucidated.
Recently, dielectric spectroscopy studies on polystyrene-b-polyisoprene diblock copolymers with a high polyisoprene content under nanoconfinement were performed and combined Havriliak-Negami fits in the frequency and temperature domain were carried out [55, 56] . The studies revealed that the nanoconfinement did not influence the segmental mode relaxation of the two different blocks, nevertheless the normal mode relaxation of the polyisoprene block was significantly affected.
In this work, the properties of styrene-isoprene triblock copolymers exhibiting different block sequences and molecular weights are studied. Triblock copolymers of polystyrene-b-polyisoprene-b-polystyrene (SIS) and polyisoprene-b-polystyrene-b-polyisoprene (ISI) triblock copolymers were synthesized via anionic polymerization. In all cases the samples were prepared sequentially without the use of any type of linking agent. In contrast to the majority of previous works where polystyrene formed the minority component, the polyisoprene content was kept at approximately 20 wt%. The polymers were characterized to determine their molecular, morphological and thermal properties. Broadband dielectric spectroscopy and rheological experiments in the melt state allow for analyzing relaxation phenomena on different time scales.
Through linear viscoelastic shear oscillations in the melt and broadband dielectric spectroscopy the effect of the molecular weight and the block sequence on the dynamical properties of the copolymers was investigated, in particular the behaviour of the short polyisoprene block in the middle (SIS) of the block copolymer or at its chain ends (ISI). Morphological characterization was accomplished by transmission electron microscopy (TEM) and small angle X-ray scattering (SAXS).
Experimental section

Materials
Styrene (Sigma-Aldrich, Schnelldorf, Germany, 99%) was purified from aluminum oxide (Macherey-Nagel, Düren, Germany) and subsequently distilled from di-n-butylmagnesium (Sigma-Aldrich, Schnelldorf, 1.0 M solution in heptane) under high vacuum. Isoprene (Sigma-Aldrich, Schnelldorf, Germany, 99%) was purified from calcium hydride (Sigma-Aldrich, Schnelldorf, Germany, >90%) and twice from n-butyllithium (n-BuLi, Sigma-Aldrich, Schnelldorf, Germany, 1.6 M solution in hexane). The solvent used was cyclohexane (Merck, Germany, 99.5%), distilled from calcium hydride in a glass flask with PS (-) Li (+) . As initiator, sec-butyllithium (sec-BuLi, Sigma-Aldrich, Schnelldorf, Germany, 1.4 M solution in cyclohexane) was used. As termination agent a 10:1 mixture of methanol (Sigma-Aldrich, Schnelldorf, Germany, 99.8%) and acetic acid (Sigma-Aldrich, Schnelldorf, Germany, 99.7%) was used.
Instrumentation
GPC measurements were performed at room temperature in THF on a Waters instrument (Waters GmbH, Eschborn, Germany), equipped with polystyrene gel columns of 10, 10 the Avance AVIII HD 500 MHz spectrometer (Bruker Biospin, Rheinstetten, Germany), equipped with a 500 MHz magnet and a triple resonance inverse (TXI) probe. The experiment was done at room temperature with deuterated chloroform as solvent and tetramethylsilane as internal standard.
Thermal characterization was accomplished via differential scanning calorimetry on bulk triblock copolymers using a calorimeter DSC 1 (Mettler-Toledo, Greifensee, Switzerland). The temperature range of the experiments was −100 °C up to +150 °C under argon atmosphere. A heating and cooling rate of 10 K/min was used. The second heating interval was analyzed for the determination of the glass transition temperature.
Rheological experiments in oscillatory mode were carried out using a rotational rheometer MCR 502
(Anton Paar GmbH, Graz, Austria bar). It should be mentioned at this point that the low molecular weight triblock copolymer samples were very brittle due to the low molecular weight (the molecular weight of both blocks are below the entanglement molecular weight of the respective homopolymers) and the high weight fraction of polystyrene. A parallel plate geometry tool for 8 mm cylindrical specimens was used and the gap for the measurements was set to 1.95 mm. The meltingannealing time was 7 min.
Several types of rheological experiments were performed. In order to test the thermal stability of the materials under investigation, time sweeps at an angular frequency of ω = 0.10 rad s . The shear amplitude was 5%, and a specific temperature interval (from the melt to the glassy state of polystyrene) was selected depending on the polymer. The highest temperature was the start temperature. The cooling rate was 0.5 K/min.
Dielectric spectroscopy measurements were performed using an Alpha-AN high resolution dielectric analyzer (Novocontrol Technologies GmbH, Montabaur, Germany). 
with θ being half of the scattering angle and λ the wavelength of X-ray radiation.
Synthesis of triblock copolymers
The SIS triblock copolymers were synthesized via sequential anionic polymerization. The synthesis started with the polymerization of styrene using sec-BuLi as initiator, in cyclohexane at room temperature (RT) for 24 h. Following that, a small aliquot was removed from the polymerization reactor and terminated with degassed methanol for molecular characterization of the first block.
Afterwards, the purified isoprene was added to the mixture and let to react for 24 h. Again a small 
Results and discussion
Molecular characterization
The triblock copolymers were characterized by means of gel permeation chromatography and proton nuclear magnetic resonance spectroscopy. The analysis of the molecular composition was based on the combination of these two methods. Eight triblock copolymers were synthesized. The results are summarized in Table 1 (a) for the SIS and in Table 1 (b) for the ISI triblock copolymers.
The entanglement molecular weights of polystyrene and polyisopene are 18 700 g/mol [57] and 6 400 g/mol [58] , respectively. The data in Table 1 ) exists. Microphase separation of block copolymers is determined by the value of χ N where χ is the Flory-Huggins interaction parameter for the pair polystyrene/1,4 -polyisoprene and N is the total degree of polymerization. The value of χN is in the order of 15 for triblock copolymers with a total molecular weight being equal to the entanglement molecular weight. Consequently, the onset of entanglement effects and microphase separation appears for a similar range of molecular weight in these materials. 
H-NMR measurements of the (a) SIS and (b)
ISI triblock copolymers.
(a) Lower case numbers indicate the mass fraction of the corresponding block in wt%, the upper case number indicates the total number averaged molecular weight in kg/mol.
Thermal analysis
The glass transition temperature of the polystyrene and the polyisoprene blocks of the triblock copolymers depend on the molecular weight of the two blocks and the degree of segregation (complete miscibility, weak/strong segregation). 
Furthermore, the fractions of the PS and the PI blocks in the mixed microphases are related by
Equations (2) and (3) hold for both microphases. In this work the Fox-Flory equation was used in order to estimate the weight fraction of the two blocks in the mixed sections. In Table 2 (2) were calculated using the Bicerano equation
taking into account the dependency of the glass transition temperature (in K) on the molecular weight (in g/mol in Eq. (4)) [61, 62] . triblock copolymer. The increase of the molecular weight yields a decrease of mixing of the two components. The validity of our approach was checked by comparing the theoretical and experimental total weight fractions of the PI microphase. The calculated total weight fraction of polyisoprene is larger than the one provided by NMR analysis which shows that the approach based on the Fox-Flory and the Bicerano equations underestimates the influence of polyisoprene on the glass transition (i.e. leads to too large values of the polyisoprene fraction).
(a) (b) Fig. 1 . DSC thermograms of (a) SIS and (b) ISI triblock copolymers. The curves are shifted vertically for clarity. The heating rate was 10 K/min. Table 2 . Thermal properties and mixing fractions of the PS and PI blocks in case of the low molecular weight triblock copolymers of (a) SIS and (b) ISI triblock copolymers. Total concentration of PI and PS, respectively, calculated by adding the calculated weight fractions of PI and PS, respectively, in the two microphases based on Eq. (2).
SAXS analysis
In Fig. 2 triblock copolymer, which shows PI spheres in a PS matrix, all other triblock copolymers show hexagonally packed PI cylinders in a PS matrix.
In case of the compression moulded samples (Fig. 4) , the TEM investigations show similar microphase separated morphologies. However, because of the processing history, they are associated with a less pronounced long range order. The results of TEM investigations are in agreement with the SAXS data (Fig. 2) , previous investigations and the theoretically calculated phase diagram for triblock copolymers [49, 66] . 
Rheological analysis
Rheological experiments in the melt state generally allow for probing the relaxation behaviour of polymer chains at larger time scales than in dielectric experiments. In a first step, the thermal stability of the materials was investigated. The thermal stability of block copolymers can be influenced by (spherical morphology) which is associated with a larger increase of storage modulus and a decrease of loss modulus with time. This behaviour reveals more "drastic" morphological changes and is in agreement with the time evolution of the dynamic moduli of an SI diblock copolymer with a spherical morphology [67] . Our rheological data indicate that almost constant dynamic moduli are achieved for very low molecular weights (where mobility is very high and an equilibrium state is rapidly achieved) and for very high molecular weights (where mobility and dynamics are very slow and a quasi-stationary state is achieved). In the range of intermediate molecular weights mobility is significantly high and the thermodynamic driving force sufficiently strong to initiate changes of morphology and dynamic moduli. The entanglement plateau above the glass transition temperature of the polystyrene blocks was analyzed based on frequency sweeps at a temperature of 120 °C, see Fig. 7 . The plateau modulus
with the density ρ , the universal gas constant R and the entanglement molecular weight M e is associated with the minimum of the loss tangent tan δ and is listed in Table 3 . The plateau modulus is larger for the SIS triblock copolymers than for the ISI triblock copolymers for similar total molecular weights. This effect can be explained by the isoprene blocks in the series of SIS triblock copolymers which cannot disentangle (chains tethered at both ends).
Consequently, the middle isoprene block fully contributes to the storage modulus. In case of the ISI triblock copolymers, the PI blocks are not necessarily entangled and hence do not cause a pronounced contribution to the storage modulus.
Applying the method of time-temperature superposition with the software LSSHIFT [68] to the experimental data from the frequency sweep experiments at different temperatures led to master curves for the dynamic moduli (Fig. 8) . In a strict sense, the existence of two different monomeric units with a different shift behaviour does not lead to a thermorheologically simple material.
However, "apparent" master curves can be constructed and give qualitative information on the relaxation behaviour. The results presented here refer to the triblock copolymers with a low molecular , since these samples undergo morphological changes leading to significant changes of the dynamic moduli and the non-applicability of the time-temperature superposition principle due to the complexity of the material [67] . 20 The master curves for the triblock copolymers S 39 in Fig. 8(c) indicate a viscoelastic behaviour of strongly segregated block copolymers which has been also observed in a related study on diblock copolymers [67] . The transition to the glassy state of polystyrene is observed at high frequencies. The entanglement plateau is significantly larger for the SIS triblock copolymer than for the ISI triblock copolymer because of the higher molecular weight of S 35 I 23 S 42 161 and the contribution of the isoprene block being tethered to the polystyrene microphase. The cross-over of G′ and G′′ is observed in both cases at higher temperatures, slightly shifted to lower temperatures (higher frequencies) for the ISI triblock copolymer due to the lower molecular weight and the different block sequence. The plateau modulus of the triblock copolymer with an ISI architecture is lower than the plateau modulus of the triblock copolymer with an SIS architecture.
The temperature dependence of the shift factor a T of amorphous homopolymers can be generally described by the Williams-Landel-Ferry equation
with the parameters c 1 and c 2 . The measurement temperature is denoted by T and the reference temperature by T ref [71] . Using a least-squares fit, the material parameters c 1 ) were accessible because of the low viscosity of these samples. The results are presented in Table 3 . The WLF fit parameters of the ISI triblock copolymers do not differ much from typical values that are observed for homopolystyrene [72] . On the contrary, the WLF parameters of the . This result agrees with the behaviour of homopolymers for not too high molecular weights.. 
Broadband dielectric spectroscopy
In styrene -cis-1,4-isoprene block copolymers generally three dipole moments contribute to the complex dielectric permittivity ε ¿ =ε ' −iε ' ' , i.e. the perpendicular component of the dipole moment of the polyisoprene block (sensitive to segmental relaxation), the parallel component of the dipole moment of the PI block (sensitive to normal mode relaxation) and the dipole moment of the polystyrene block (sensitive to segmental relaxation). Since the dielectric strength ∆ ε n of the normal mode is given by [73] is moderately pronounced or almost suppressed [2] . Dielectric spectroscopic data on SI diblock copolymers [73] also indicate that the segmental relaxation of the PI block can only be hardly seen for very low PI fractions or even not at all [74] . For low PI fractions, the dynamics of microphase separation can be terminated by the glass transition of the PS block such that no PI microdomain is developed and the normal mode of the PI block is not observed [74] .
Temperature ramp experiments give a qualitative overview on the temperature-dependent dielectric response, i.e. in particular on the intensity of the normal mode relaxation. In Fig. 9 the results of the temperature ramps of non-annealed samples at a frequency of 10 Hz for the SIS and ISI triblock copolymers are presented. The dielectric loss ε ' ' is plotted as a function of temperature in order to monitor the relaxation processes of the triblock copolymers. Similar to the discussion of the rheological data, the triblock copolymers are grouped based on their total molecular weight into low molecular weight (S 39 ) triblock copolymers.
For the low molecular weight triblock copolymers ( Fig. 9(a) ) the dynamic glass transition temperature of the PS and the PI microphases strongly depends on the miscibility of the two blocks. shows three relaxation processes which correspond to the PI segmental relaxation (weakly pronounced), the PI normal mode and the PS segmental relaxation in the mixed PS/PI domain. In contrast to the DSC experiments, dielectric spectroscopy allows for detecting the PI segmental relaxation even for low PI fractions because of its dipole moment.
Increasing the molecular weight yields a less pronounced peak of normal mode relaxation (cf. Eq. ) show the segmental relaxation of the PI and the PS blocks ( Fig. 9(c) ). The temperature difference of the peak maxima of the segmental relaxation attains the highest value for these two triblock copolymers, since a larger molecular weight yields a larger degree of microphase separation. Generally, the peak intensity of normal mode relaxation of PI blocks decreases with increasing molecular weight (Eq. (6)). Therefore the normal mode relaxation of the triblock copolymer I 8 S 78 I 14 98 only is associated with a low peak height. In summary, the temperature ramp experiments indicate that the SIS block sequence yields a strong suppression of the normal mode.
Isothermal frequency sweeps were carried out in order to get a more quantitative view on the relaxation processes. is an example for a low molecular weight triblock copolymer. to be affected by the polystyrene block (being partially miscible with the PI block) which leads to the broadening of the process. The broadening of the normal mode was theoretically [75] and experimentally [73, 76] studied. The data in Fig. 10(d) 
In Eq. (7)  0 denotes the dc conductivity, the parameter s an exponent which attains s = 1 for purely ohmic conductivity and s < 1 for non-ohmic conductivity,  0 the permittivity of the vacuum and  the dielectric strength. The parameters are additional fit parameters which describe the shape of the curve ( the broadness and  the asymmetry of the curve). The parameter ε ∞ is the high frequency limit of the dielectric permittivity. The relaxation time is denoted by . In this work, the imaginary part of Eq. (7) was fitted to the experimental data. The parameter  0 was set to zero for fits in the temperature range near the glass transition temperature of the PI block (Table 4 (a)). Figure 11 presents the fitted Eq. (7) at selected temperatures (cf. Table 4 ). The data in Table 4 (a) describe the segmental relaxation of the PI block. The value of the shape parameter  for the SIS triblock copolymers is in the order of 0.5 which is typical for the -process [78] . The data reveal the effect of molecular weight on miscibility of the PS and the PI blocks and thus on the position (i.e. the inverse relaxation time) of the relaxation peaks. A larger molecular weight yields a more pronounced phase separation and a larger difference of the temperature of the dynamical glass transition of the PS and the PI blocks.
Because of suppression of the normal mode for SIS triblock copolymers, only the segmental mode of the PI block and of the PS block of the SIS triblock copolymers are analyzed. Fig. 12(a) shows the influence of the molecular weight on the segmental-mode for the SIS triblock copolymers and presents the frequency f max at peak maximum as a function of inverse temperature 1/T . The relaxation process is strongly influenced by the miscibility of the PI and the PS blocks and consequently by the total molecular weight. Generally, the relaxation rates decrease with decreasing at various temperatures.
with the reference temperature T ref , the frequency f ∞ at peak maximum at reference temperature and the parameters c 1 and c 2 was performed. The result of the fit is indicated by the solid lines in Fig. 12 (see Table 5 The segmental relaxation of the ISI triblock copolymers are strongly influenced by the molecular weight. Fig. 12(c) presents the peak frequency of the segmental mode of the PI block as a function of inverse temperature. The segmental mode of the PI block of the ISI triblock copolymers might be also superposed by the  relaxation of the polystyrene block. A low molecular weight implies a partial miscibility of the PS and the PI blocks leading to a strong influence of the PS block on the dynamics of the PI block and to a shift of the curve with higher molecular weight to lower temperatures. In Fig. 12 (d) the activation plot for the segmental mode of polystyrene is shown.
Similar to the SIS triblock copolymers, a larger molecular weight yields a shift of the curve to lower inverse temperatures.
Generally, the normal mode of the ISI triblock copolymers was relatively broad which was a general feature of the experimental data and complicated their analysis. triblock copolymers which are associated with a higher weight fraction of polyisoprene. The corresponding activation plot is shown in Fig. 12 (e). In spite of the different molecular weights of the triblock copolymers, similar relative relaxation rates for both triblock copolymers are observed. This is also revealed by the WLF parameters in Table 5 copolymers than for the ISI triblock copolymers. The zero shear rate viscosity of the SIS triblock copolymers with a low molecular weight generally was much smaller than the zero shear rate viscosity of the ISI triblock copolymers with a comparable total molecular weight because of the shorter PS blocks at the ends of the triblock polymer chain (lower molecular weight of the single PS blocks). The dielectric spectroscopy data are strongly influenced by the molecular weight of the triblock copolymer which determines the miscibility of the PS and the PI blocks and the dielectric strength of the normal mode. The normal mode relaxation corresponding to the 1,4-polyisoprene block was hindered to a large extent for the SIS triblock copolymers in comparison with the ISI triblock copolymers, due to the fact that the PI blocks are tethered between the glassy PS blocks.
Furthermore the normal mode relaxation of the PI block of the ISI triblock copolymers can be preferentially observed for molecular weights which imply a compromise of sufficient segregation and dielectric strength. In summary, our experimental data reveal that the block sequence in triblock copolymers influences dynamical properties of these polymers.
